Background: DNA Pol ␤ participates in base excision repair by choosing correct dNTP to fill single-nucleotide gaps in DNA. Results: Pol ␤ experiences a non-covalent step with correct dNTP selection. Conclusion: Correct and incorrect dNTP incorporation by Pol ␤ are different. Significance: FRET-based system of Pol ␤ elucidates a mechanism of substrate choice necessary for understanding the molecular basis of human disease.
age from DNA. BER is initiated by removal of a damaged base by a DNA glycosylase (2) . A monofunctional glycosylase generates an abasic (AP) site that is processed by apurinic/apyrimidinic AP endonuclease 1 (APE1), which nicks the sugar-phosphate backbone to generate a 3Ј OH and a 5Ј deoxyribose phosphate, which is removed by Pol ␤. Bifunctional glycosylases catalyze excision of the damaged base and AP site removal, leaving a 3Ј deoxyribose phosphate and a 5Ј phosphate. APE1 catalyzes removal of the 3Ј deoxyribose phosphate to generate a 3Ј OH. In both cases, Pol ␤ fills in the gap and XRCC1-Ligase III␣ or Ligase I seals the remaining nick in the DNA (3) .
Pol ␤ plays an important role in ensuring the fidelity of DNA synthesis during repair. The 39-kDa protein is a member of the X-family of DNA polymerases and has four domains: the 8-kDa lyase, thumb, palm, and fingers domains. Whereas the other three domains are responsible for DNA binding and catalytic activity, the fingers domain (residues 262-335) forms the nucleotide binding pocket and thus plays a central role in nucleotide selection (4 -7) . A series of crystal structures of Pol ␤ suggest that binding of dNTPs induces a conformational change whereby helix N of the fingers domain moves closer to the DNA (8) . This conformational change occurs rapidly to form the active site, which catalyzes phosphodiester bond formation (also known as the chemistry step). Product release is considered to be the rate-limiting step (Scheme 1) (9) .
Pol ␤ is known to misincorporate an incorrect nucleotide once in every 10,000 base insertions (10) . The efficiency of incorrect incorporation is increased in several Pol ␤ variants that exhibit a mutator phenotype (11) (12) (13) (14) (15) . Previous fluorescence studies with Pol ␤ performed by us (16) and others (17) (18) (19) observed movements of Pol ␤ associated with DNA synthesis using a 2-aminopurine reporter in the DNA along with the single Trp residue in the fingers domain. These studies, which did not monitor FRET, suggest that there is a step prior to chemistry that is not rate-limiting for DNA synthesis by Pol ␤, which is likely asso-ciated with fingers closing. Many of these studies were conducted on a recessed DNA substrate, which is not the physiologically relevant substrate for Pol ␤ (20, 21) , as Pol ␤ prefers single nucleotide-gapped DNA. Given these limitations, we developed a FRET-based approach to monitor the movements of the fingers domain during DNA synthesis by Pol ␤, using a single nucleotide-gapped DNA substrate.
Our results reveal that there is a rapid closing of the fingers domain in the presence of the correct nucleotide, followed by an additional and not previously identified non-covalent step that precedes chemistry and product release. The conformational changes we observe with correct dNTP incorporation are absent in the presence of the incorrect dNTP, suggesting that Pol ␤ catalysis is different for incorporation of correct versus incorrect nucleotides.
EXPERIMENTAL PROCEDURES
Deoxyoligonucleotides and DNA sequences used in this paper are described ( Table 1) .
Generation of C239S/C267C/V303C Pol ␤-Wild-type (WT) human DNA polymerase ␤ contains three endogenous cysteine residues. The mutations of Cys-239 and Cys-267 to serines were introduced into a tagless, human WT Pol ␤ (modified pET28a) by site-directed mutagenesis (Stratagene) and did not affect Pol ␤ function ( Table 2 ). An additional residue change by site-directed mutagenesis converted Val-303 to Cys to facilitate thiol-reactive labeling with ((((2-iodoacetyl)amino)ethyl) amino)naphthalene-1-sulfonic acid (IAEDANS).
Expression and Purification of Modified Pol ␤-Plasmid containing the modified Pol ␤ gene was expressed in bacteria as previously described (22) . Protein was stored at 4°C until labeling. Pol ␤ protein may be stored in 15% glycerol at Ϫ80°C for several months with a subsequent thaw and labeling with no effect on Pol ␤ activity.
Labeling of Modified Pol ␤-The selection of the fluorophore/quencher pair as well as the procedure for labeling was adapted from Joyce et al. (23) . The protein was kept at 4°C during the labeling process. Approximately 100 M Pol ␤ was reduced with 1 mM dithiothreitol (DTT) for 45 min. The DTT was removed from the sample by gel filtration using a PD-10 desalting column (GE Healthcare Life Sciences) and exchanged into Buffer C (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 150 M Tris(2-carboxyethyl)phosphine-HCl (Thermo Scientific)) following the manufacturer's spin protocol. A 10 mM stock of IAEDANS was prepared in Buffer D (100 mM Tris-HCl, pH 8, and 100 mM NaCl). A total of 500 M IAEDANS solution was slowly added to 100 M Pol ␤ and allowed to react for 16 -18 h at 4°C. The reaction was stopped with the addition of 0.5 mM DTT and incubation for 20 min. The protein mixture was separated from free IAEDANS by a second PD-10 column (following gravity protocol) and exchanged into Buffer C. Fractions of 500 l were collected, UV-visible analyzed at 336 and 280 nm, and concentrated to a final concentration of ϳ60 -100 M. Samples were analyzed by 10% SDS-polyacrylamide gel electrophoresis (PAGE) and stained with either Coomassie or viewed under UV light (Fig. 2, A and B) . A protein preparation containing the C239S/C267S mutation was labeled in conjunction with V303C to ensure that Cys-178 was not labeled. Fig. 2, A and B , demonstrates that the thiol reaction occurred only at position 303. The labeling was determined to be greater than 89%. For simplicity, the modified, labeled WT is referred to as Pol ␤-AEDANS.
DNA Substrates-Deoxyoligonucleotides for the one-base gapped DNA, including the Dabcyl-T modified DNA, were purchased from the Keck Oligo Synthesis Resource (Yale University) and purified by PAGE (Table 1) . Deoxyoligonucleotides were annealed together to form the preferred DNA substrate of Pol ␤, as previously described (24) . For consistency, nomenclature for the DNA substrates is as described by Joyce et al. (23) .
Rapid Chemical Quench Experiments-Chemical quench experiments were carried out on a RQF-3 KinTek Chemical Quench Flow apparatus. A solution of 100 nM protein and 300 SCHEME 1. Biochemical pathway of nucleotide incorporation of Pol ␤. DNA binding creates a binary complex with an equilibrium dissociation constant of K D (DNA) (step 1). The binary Pol ␤ binding to dNTP forms the ternary complex with an equilibrium dissociation constant of K d (dNTP) (step 2). A global rearrangement of the ternary structure in which the fingers domain moves closer to the DNA aligns the active site for polymerization at a rate of k pol (step 3). This rearranged species of Pol ␤ is denoted as ␤*. The fingers domain reopens and releases the extended DNA product at a rate of k ss , which is the rate-limiting step (step 4) (36).
TABLE 1 One base pair gap DNA substrate used in this study
The bold, underlined base is the templating base. The X marks the Dabcyl residue.
DNA sequence
Sub strate (Table 1) were mixed with 100 M dCTP and 10 mM MgCl 2 . All mixtures contained reaction buffer E (50 mM Tris-HCl, pH 8, 100 mM NaCl, and 10% glycerol) and were allowed to react for 0.2 to 3 s at 37°C. Reactions were quenched with 0.5 M EDTA and 90% formamide sequencing dye. Radioactive products were separated on a 20% denaturing polyacrylamide gel, observed on a Storm 860 PhosphorImager, and quantified based on n and nϩ1 products using ImageQuant software. The data were fitted to the following biphasic burst equation using Prism 6 GraphPad software.
Unlabeled WT Pol ␤ was assayed DNA substrate T:3ЈOH. IAEDANS-labeled Pol ␤ (Pol ␤-AEDANS) was studied on T(Ϫ8)D:3ЈOH (Table 1) .
Enzyme Titration-To determine optimal single turnover conditions, various concentrations of Pol ␤-AEDANS (500 to 2000 nM) were reacted with 100 nM T(Ϫ8)D:3ЈOH and 100 M dCTP for 0.03 to 10 s. Reactions were quenched with 0.5 M EDTA and 90% formamide sequencing dye. Radioactive products were separated on a 20% denaturing polyacrylamide gel as described above. The data were fitted to the following single exponential equation using Prism 6 GraphPad software.
Here, k obs is the observed rate at each concentration of enzyme.
Single-turnover Experiments-Pol ␤-AEDANS and radiolabeled T(Ϫ6)D:3ЈOH were assayed on the KinTek apparatus to determine k pol and K d(dNTP) at 37°C. Correct nucleotide (dCTP) was titrated from 0.5 to 200 M over a range of 0.03 to 10 s with 500 nM Pol ␤ and 50 nM DNA. Radioactive products were separated on a denaturing polyacrylamide gel and quantified as described above. Using Prism 6, the data were fitted to a single exponential equation, where k obs is the observed rate constant at each concentration of dNTP. The rates (k obs ) are plotted against concentration of dNTP and fitted to the hyperbolic equation,
k pol is the maximum rate of polymerization and K d(dNTP) is the equilibrium dissociation constant for the incoming dNTP.
Circular Dichroism-The secondary structural characteristics of unlabeled Pol ␤, Pol ␤-AEDANS, and Cys-178 were analyzed by circular dichroism as previously described (24) . The ellipicity of 3 M labeled protein solution was normalized to 3 M unlabeled Pol ␤.
Fluorescence Emission Scan-The fluorescence of Pol ␤-AEDANS (600 nM) was observed at room temperature on the Photon Technology International spectrofluorometer in Buffer F (50 mM Tris-HCl, pH 7, 10 mM MgCl 2 , and 1 mM EDTA). The sample was excited at 336 nm and an emission scan was performed from 380 to 650 nM. The DNA substrate T(Ϫ8)D:3ЈH was added to the protein mixture and scanned, followed by the addition of 100 M dCTP (correct) or 500 M dATP (incorrect).
Stopped-flow Fluorescence-In all experiments, the sample was excited at 336 nm, the emissions were filtered with a 400-nm filter, and the voltage was fixed at 400 V. Pol ␤-AEDANS was assayed along with Dabcyl-labeled DNA substrate (see figure legends for specific DNA used) in the stoppedflow SX-19 (Applied Photophysics) at 37°C. Under single turnover conditions, 500 nM Pol ␤ was co-incubated with 200 nM T(Ϫ8)D:3ЈH or 100 nM T(Ϫ8)D:3ЈOH in buffer E and then rapidly mixed in the stopped-flow instrument with various concentrations of dNTP as detailed in the Figure legends. In some experiments, MgCl 2 was exchanged for CaCl 2 . Data collection began as soon as mixing occurred (pre-trigger setting). Fluorescent signal artifacts from the flow and mixing of the solutions were removed from the traces (0 -0.0308 s) based on the results (25) . A logarithmic data collection of 500 time points over 10 s was evaluated for each mixing event with five traces per dNTP concentration that were averaged together.
KinTek Explorer Fitting-Rate constants were determined by KinTek Explorer Professional Version 3 (26, 27) . Raw data were imported into the program as a concentration series. The data were plotted a logarithmic time scale and plot residuals were used to ensure a precise fit. In addition, concentration series offset (addition/subtraction) was added to the simulation. The observables were noted as,
where the observables reflect the presence of protein [E]. The K d(dNTP) was confirmed using the following equation,
where k Ϫ and k ϩ correspond to the rate constants determined by KinTek Explorer. A nonlinear regression equation was used to initially estimate the fit of the raw stopped-flow data. In instances where the non-covalent step was absent ( Fig. 8A) , the analytic function 
RESULTS

IAEDANS-labeled Pol ␤ and Dabcyl-labeled DNA-
We designed a FRET-based approach for monitoring fingers movement of Pol ␤, based on previous work with DNA polymerase I (23) . We chose to label Pol ␤ with the thiol reactive IAEDANS in the fingers domain, and to label the DNA template with Dabcyl. Quenching of fluorescence will occur upon finger closure, as the fingers move toward the Dabcyl in the DNA, according to crystal structures of the open binary and closed ternary complexes. Pol ␤ contains three endogenous Cys residues at positions 178, 239, and 267; none of which would be appropriate for accurately reporting the fingers movement. An initial characterization of Pol ␤ C239S and Pol ␤ C267S, in which either Cys-239 or Cys-267 were altered to Ser, or of the double mutant (C239S,C267S) indicated that altering these residues to Ser would not affect the overall Pol ␤ function (Table 2 ). However, alteration of Cys-178 to Ser affected activity (Table 2) , and we thus elected not to alter this residue. Val-303, located on a small loop in the fingers domain, was mutated to a Cys residue that could react with the IAEDANS (Fig. 1A) . The placement of the Dabcyl quencher on the DNA was carefully selected to maintain an appropriate Förster distance of about 40 Å. A Dabcyl-T was inserted eight bases downstream (Ϫ8) from the single nucleotide gap, which provided an optimal distance for observing FRET (Table 1 and Fig. 1, A and B) . The Labeled V303C Pol ␤ Variant Has Kinetics Properties Similar to WT Pol ␤-The variant of Pol ␤ bearing three mutations (C239S, C267S, and V303C) termed V303C, was subcloned into a tagless pET28a expression vector and expressed in Escherichia coli. The purified protein was labeled with IAEDANS similar to previously published protocols (23, 28) and is outlined under "Experimental Procedures." A control protein termed Cys-178, which harbors only the C239S and C267S alterations with the endogenous Cys-178 maintained, was expressed, purified, and labeled in the same manner. Analysis of a 10% SDS-PAGE gel containing samples of both the IAEDANS-treated V303C and Cys-178 protein preparations detected either by UV or Coomassie staining suggests that the thiol reaction occurs at the Cys-303 position and that Cys-178 is not labeled with IAEDANS (Fig. 2, A and B) presumably because it is buried. To further confirm protein structure, circular dichroism spectroscopy suggests labeled protein preparations retained similar secondary structure characteristics of unlabeled WT Pol ␤ (Fig. 2C) .
Pol ␤ V303C-AEDANS was assessed for pre-steady-state burst activity using the extendable T(Ϫ8)D:3ЈOH substrate. The burst rate observed for Pol ␤ V303C-AEDANS (14 s Ϫ1 ) is similar to the burst rate of unlabeled Pol ␤ (13 s Ϫ1 ) on nonlabeled DNA (Fig. 3A and Table 2 ). This rapid rate of 14 s Ϫ1 suggests that alteration of Cys-239 and Cys-267 to Ser, as well as the labeling with IAEDANS at position 303, did not affect the overall rate of DNA synthesis catalyzed by Pol ␤ and that the overall rate-limiting step was still product release. We also performed experiments under single turnover conditions using a ratio of 10:1 protein:DNA. These conditions were determined empirically by incubating various concentrations of protein with 100 nM DNA and 100 M dNTP for various times (11) . As shown in Table 3 and Fig. 3, B and C, the k obs , k pol , and K d(dNTP) for Pol ␤ V303C-AEDANS are similar to unlabeled Pol ␤ (29). In combination, our results show that the Pol ␤ V303C-AEDANS has kinetic properties similar to WT Pol ␤ that are unaffected by the IAEDANS label.
FRET Is Observed in Steady-state with Pol ␤ V303C-AEDANS and Dabcyl-labeled DNA-To determine whether we could observe a FRET signal with the Pol ␤ V303C-AEDANS and Dabcyl-labeled DNA, we characterized steady-state fluorescence. Upon excitation of the Pol ␤ V303C-AEDANS alone at 336 nm, an emission scan reveals a peak at ϳ490 nm (Fig. 4A,  red) . Upon addition of the non-extendable T(Ϫ8)D:3ЈH Dabcyl-labeled DNA substrate we observed a quench in fluorescence intensity, indicating the formation of a binary complex (Fig. 4A, blue) . Upon addition of the correct dNTP (dCTP) we observed greater fluorescence quenching, suggesting that Pol ␤ is in a ternary complex in which the fingers domain moves closer to the Dabcyl in the DNA (Fig. 4A, green) . Finally, when an incorrect dNTP (dATP) is added to binary Pol ␤ we observe less of a fluorescence quench compared with that of correct dNTP (Fig. 4A, black) . The same experiment was repeated with non-Dabcyl-labeled DNA T:3ЈH (Fig. 4B ). There was little decrease in the fluorescence intensity of Pol ␤-AEDANS upon addition of T:3ЈH and both correct or incorrect dNTP, indicating that the quenching seen in Fig. 4A is due to the IAEDANS/ Dabcyl FRET pair coming within the Förster radii. These results demonstrate that we are able to observe a FRET signal between the polymerase and DNA in the presence of dNTPs.
Stopped-flow Fluorescence Reveals a Novel Non-covalent
Step in the Pol ␤ Catalytic Pathway-To characterize movements of the fingers domain in the absence of phosphoryl transfer we performed stopped-flow fluorescence experiments in which the correct dNTP was mixed with Pol ␤ V303C-AEDANS prebound to the non-extendable T(Ϫ8)D:3ЈH DNA substrate (Fig.  5A ). In the presence of the correct nucleotide (dCTP), there is a rapid decrease in fluorescence suggesting that during the first 0.1 s, the fingers domain comes within close proximity of the Dabcyl-labeled DNA, such that a quench is observed. Similar traces were observed with extendable T(Ϫ8)D:3ЈOH DNA in the presence of a dCpCpp, a non-hydrolyzable analog of dCTP (Fig. 5B) .
The data obtained with the T(Ϫ8)D:3ЈH DNA substrate and correct dNTP were initially fitted with Prism 6 to both singleand double-exponential equations. The residuals indicated that a double-exponential equation was the better fit ( Fig. 6, A and  B) , suggesting that upon binding correct dNTP, these two phases indicate that there are at least two movements. We then employed KinTek Explorer to globally fit all of the stopped-flow fluorescence data (26) . In Fig. 6C , we display an example of the fit of a trace using non-extendable DNA and 50 M dCTP (residuals shown in red). The fit of the entire 10-s trace is shown in logarithmic scale along with an inset of data points collected from 0 to 0.03 s, plotted in linear scale. These data fit to the same kinetic scheme with similar rates as the 10-s trace. Our data are best described by a kinetic scheme in which ED ϩ N º EDN represents the initial binding of the dCTP (Fig. 6C) . A subsequent step of EDN º END is a conformational change, followed by END º NDE, a proposed second conformational change.
Nucleotide Incorporation follows a Different Pathway for Correct Versus Incorrect Nucleotide-To examine the role of the fingers domain in nucleotide selection, stopped-flow experiments were performed under single turnover conditions with T(Ϫ8)D:3ЈOH and either correct (dCTP) or incorrect (dATP or dTTP) substrates. For correct incorporation, we observed initial quenching of fluorescence followed by a gradual recovery of fluorescence (Fig. 7A) . Chemistry is occurring due to the presence of the 3Ј-OH and dCTP and the increase in fluorescence could reflect chemistry or steps subsequent to chemistry. Stopped-flow traces for incorrect dNTP incorporation significantly differ from those with correct dNTP. There was no change in fluorescence with an incorrect purine or pyrimidine, even when titrating up to 900 M incorrect dNTPs (Fig. 7, B  and C) .
KinTek Explorer simulations suggest that the kinetics of correct incorporation are best described by a 5-step kinetic model for Pol ␤-AEDANS with extendable T(Ϫ8)D:3ЈOH DNA (Fig.  7A ) in which Pol ␤ proceeds through: step 2, dNTP binding (ED ϩ N º EDN); step 3, a conformational change after recognition of the correct dNTP (EDN º END); step 3.1, a second conformational change (END º NDE); step 3.2, chemistry (NDE º EP); step 4, DNA dissociation and product release (EP º E ϩ P). Due to the linear nature of the stopped-flow trace obtained with an incorrect dNTP (Fig. 7, B and C) , we were unable to fit the data to an exponential equation or to model the data with KinTek Explorer. Table 4 summarizes the estimated relative rates of the reactions in the presence of non-extendable and extendable DNA substrates. Parameters used to constrain our model include chemical quench data as well as 2-AP and stopped-flow rates derived using intrinsic tryptophan residues for Pol ␤ (16, 30, 31) . The rate constant k 1 represents the dNTP binding event. Importantly, calculation of the K d(dNTP) , as described under "Experimental Procedures" (k Ϫ1 /k ϩ1 ), yielded a K d(dNTP) of 1.9 to 3 M, which is within the range of previously published K d(dNTP ) for Pol ␤ (29, 32) . We suggest that the k ϩ2 rate constant represents the fingers movement toward the DNA. We 3ЈH (binary complex, blue) . The addition of 100 M correct dNTP (dCTP) opposite template G results in a further reduction in fluorescence intensity (green) suggesting a reduction in distance between the IAEDANS/Dabcyl pair. Less of a reduction in intensity was observed with incorporation of 500 M incorrect dATP (black). B, steady-state fluorescence of Pol ␤-AEDANS (red) was repeated as described above with non-Dabcyl-labeled substrate T:3ЈH (blue) and correct (green) or incorrect (black) dNTP. The minor quenching that is observed is likely due to the presence of dNTP. base our suggestion on the observation of fingers domain movement in the binary versus the ternary Pol ␤ crystal structures (8, 33), our previous fluorescence characterization of Pol ␤ as well as characterization of Pol ␤, and additional DNA polymerases by others (16, 23, 30, 35) . We propose that the k ϩ3 rate constant represents a second non-covalent step following closing of the fingers, mainly because it occurs with both the extendable and non-extendable DNA substrates. The k ϩ4 rate constant is most likely phosphodiester bond formation, because it corresponds to the rate of chemistry, k pol , that we measure in rapid chemical quench flow assays. Furthermore, this rate constant is not present when the primer terminus is not extendable ( Table 3 ). The k ϩ5 rate constant is the overall rate-limiting step of the kinetic pathway and is similar to the steady-state rate previously measured by us and others (36, 37) . This likely represents dissociation of Pol ␤ from the DNA. Scheme 2 summarizes these proposed kinetic steps for Pol ␤.
Characterization of the Non-covalent Step with Catalytically Inactive Ca 2ϩ -To further explore the non-covalent step (k ϩ3 ), CaCl 2 was used in place of MgCl 2 in the stopped-flow experiments. Calcium has a larger ionic radius than Mg 2ϩ and does not support phosphoryl transfer (38, 39) . In the presence of non-extendable DNA and CaCl 2 , we observed a fluorescence decrease upon binding to the correct dCTP ( Fig. 8A ) that could be described by a two-step model using KinTek Explorer (steps 2 and 3 of Scheme 2). In contrast, the fluorescence trace observed with extendable DNA (Fig. 8B) was best described by a three-step model (steps 2, 3, and 3.1 of Scheme 2). These results indicate that in the presence of extendable DNA, the initial fingers domain movement and the non-covalent step are intact in the presence of CaCl 2 , but that the chemistry step and subsequent product release did not occur due to the inability of CaCl 2 to support phosphodiester bond formation. However, the non-covalent step (step 3.1 of Scheme 2) was not observed with CaCl 2 and non-extendable DNA. This suggests that the non-covalent step 3.1 requires the presence of a 3Ј-OH.
DISCUSSION
We have developed a FRET-based system for Pol ␤, which allows monitoring of movements of the fingers domain during DNA synthesis. Our results provide valuable insight into the movements of the fingers domain during catalysis. We observe that Pol ␤ experiences at least two conformational changes that precede phosphodiester bond formation.
Incorporation of Correct Versus Incorrect Nucleotide by Pol ␤ Is Different-In agreement with published work for Pol ␤ as well as the A-family polymerases (unlike Y-family polymerases (9, 19, 23, 40, 41, (43) (44) (45) , we observe that the initial global movement of the fingers domain is not rate-limiting and this initial domain movement likely plays a critical role in facilitating polymerization. Single molecule experiments have also suggested this to be the case for Sulfolobus solfataricus DNA polymerase B1 (46) . Importantly, incorrect dNTP binding does not induce any conformational changes with either a pyrimidine or purine within the first 10 to 20 s of the reaction, using FRET to monitor the fingers domain movements. Our results, therefore, suggest that dNTP discrimination occurs at ground state dNTP binding at a point before the fingers have closed. Future fluorescence experiments with mutator variants of Pol ␤ that map to a number of different regions of the protein (see for example, Refs. 47-50) will likely provide mechanistic insights into the how fidelity is governed before closure of the fingers. Our previous work suggests that the hinge region plays a role in substrate discrimination (51) (52) (53) suggesting that the hinge may in some way "sense" the presence of correct versus incorrect dNTP during its initial contact with the fingers domain, and rotate toward a closed complex only if correct dNTP is bound.
A Novel Non-covalent Step in the Pol ␤ Kinetic Pathway-The determination of rates from stopped-flow experiments was supported by chemical quench analysis. Our data, with all DNA substrates and metals, report a K d(dNTP) of 1.9 -3 M dCTP. We measured the K d(dNTP) for the labeled protein under single turnover conditions and found it to be 1.4 M (Table 3) , which is similar to k ϩ1 /k Ϫ1 determined with KinTek Explorer and is confirmed by our own previously published chemical quench data of human Pol ␤ on this particular substrate (T:3ЈOH-, Table 3 , and Scheme 2, step 2) (29, 32).
Step 3 corresponds to the rapid fingers closing, which is Ͼ100 s Ϫ1 in the presence of Mg 2ϩ . We have constrained this step using previously published fast rate constants (16, 30, 31) . Due to the complexity of the stopped-flow traces, we used KinTek Explorer to reveal an additional step that immediately precedes chemistry (step 3.1) that occurs with an upper limit of 25 s Ϫ1 that has not been previously characterized. This step is remarkably absent with the non-extendable T(Ϫ8)D:3ЈH DNA substrate in the presence of Ca 2ϩ (Fig. 8A , Table 4 ). The new results emerging from this work call for an expansion of Scheme 1 for the pathway of nucleotide incorporation by Pol ␤, including a non-covalent step that may facilitate chemistry as shown in Scheme 3.
A non-covalent step has not been identified in previous studies with Pol ␤, although there is precedence for a non-covalent step in the kinetic pathways of the Klenow fragment and Klentaq1 (23, 54, 55) as well as the Y-family DNA polymerase, Dpo4 (40). Step 3.1 (step 3.1, Scheme 2) is of particular interest as it suggests a further rearrangement after fingers closing, but just prior to chemistry, which was not previously observed for Pol ␤ using 2-AP and Trp.
We further explored the non-covalent step 3.1 by replacing Mg 2ϩ with Ca 2ϩ . Calcium is larger than Mg 2ϩ and generally cannot support phosphoryl transfer (38, 56) . Pol ␤ uses a twometal ion mechanism (57, 58) for catalysis in which two metal ions participate in the reaction and coordinate the catalytic triad of three aspartate residues, Asp-190, Asp-192, and Asp-256. The catalytic metal A (MgA) lowers the pK a of the primer terminus, leading to attack on the ␣-phosphate of the incoming dNTP substrate. Metal B coordinates the non-bridging oxygens The binary complex of Pol ␤ (E/DNA:ED) is in equilibrium (k Ϫ1 /k ϩ1 ) with the nucleotide (N) to form the ternary complex (EDN) and is represented by step 2 in the overall biochemical pathway suggested in Scheme 3. After formation of the ternary complex (EDN), the fingers domain moves closer to the DNA (END), signified by the rate constant k Ϯ2 (step 3). A second conformational change occurs in which there is a rearrangement of the active site (NDE), indicated by k Ϯ3 (a novel step 3.1). This rearrangement facilitates chemistry (EP) k Ϯ4 (step 3.2), followed by product release (step 4) k Ϯ5 . on the dNTP substrate and as a result neutralizes the negative charge that develops during chemistry (58, 59) . The data observed with extendable DNA and CaCl 2 were modeled to a three-step pathway whereby step 3.1 was unaffected. However, the stopped-flow data with non-extendable DNA and Ca 2ϩ resulted in a poor fit to the same three-step model indicating that the non-covalent step is abolished under these conditions. This observation of the non-covalent step (step 3.1), taken together with the non-hydrolyzable analog data and the observation that step 3 (fingers closing) was similar with Ca 2ϩ and Mg 2ϩ , may be a result of a rearrangement of the active site (Asp-256, Asp-190, and Asp-192) during the binding of metal A, as recently suggested (23, 34, 39, 42, 55) . Other possibilities include local rearrangement of active site side chains as recently suggested (44) .
In summary, we have developed a FRET system to study the movements of the fingers domain of Pol ␤. We have demonstrated that the fingers domain closes rapidly following correct dNTP selection, and observed a non-covalent step that occurs just prior to chemistry. We provide further evidence that this conformational change is associated with binding of the catalytic metal into the polymerase active site. Moreover, our data show that Pol ␤ discriminates between correct and incorrect nucleotides in a different manner. Our work provides novel insight into the mechanism of selection and fidelity by the human repair DNA polymerase ␤.
